The intracellular signaling pathways through ADPribosylation factors (Arfs) of the small GTPase family control cell morphological changes by regulating membrane components and/or cytoskeletal protein dynamics. We previously reported that cytohesin-2 (CYTH2), an Arf-guanine-nucleotide exchange factor (GEF), binds to the cytoskeletal scaffold protein paxillin through C-terminal region of CYTH2 and promotes the migration of mouse 3T3-L1 fibroblasts. In mammals, CYTH family GEFs are composed of four subfamilies. Among them, CYTH2 and CYTH3 are widely expressed in tissues and it remains to be clarified to determine whether they have specific biochemical and cellular functions or are redundant. Here, we show that the C-terminal short polybasic region of CYTH2 is necessary and sufficient for binding to paxillin to mediate cell migration. Although 3T3-L1 cells primarily express CYTH2 and CYTH3 of four CYTH family members, neither knockdown of CYTH3 by the specific siRNA nor expression of its C-terminal region inhibits migration. Importantly, replacing the C-terminal region of CYTH3 with that of CYTH2 adds the ability of paxillin-binding and mediating migration to CYTH3. Conversely, replacing the Cterminal region of CYTH2 with that of CYTH3 leads to loss of these abilities of CYTH2. These results reveal that paxillin is a unique binding partner with CYTH2 in migrating cells, presenting the first CYTH family GEF's region that is involved in the selectivity of the binding protein.
INTRODUCTION
Cell migration is a crucial process for early development and is also seen in pathological states. It is established that the intracellular signaling mechanism responsible for cell morphological changes, such as migration and morphological differentiation, are controlled by small GTPases of the Rho family [1] [2] [3] [4] . Recent evidence demonstrates that in addition to Rho GTPases, Arf branches of small GTPases are involved in cell morphological changes [5] [6] [7] [8] . The mammalian Arf proteins are composed of three groups: class I (Arf1 and Arf3, and/or Arf2), class II (Arf4 and Arf5), and class III (Arf6) [5] [6] [7] [8] . Like Rho GTPases, they act as molecular switches; they are active when bound to GTP and they are inactive when bound to GDP. In particular, Arf1 and Arf6 are well characterized to interact with the downstream effectors, including lipid-modifying enzymes such as phosphatidylinositol-4-phosphate 5-kinases (PIP5Ks) and phospholipase D isozymes (PLDs), and coat proteins, which coordinately contribute to cell morphological changes through modification of membrane lipid components and/or modulation of actin cytoskeletal dynamics [5] [6] [7] [8] .
The guanine-nucleotide-binding states of Arfs are primarily controlled by two types of regulatory proteins [1] . Guanine-nucleotide exchange factors (GEFs) catalyze the intrinsically slow exchange reaction of GDP with free cytoplasmic GTP to generate the active Arfs. GTPaseactivating proteins (GAPs) accelerate the very low, intrinsic GTPase activity to inactivate Arfs. This former reaction is a very important, rate-limiting step, since GEFs define the timing and strength of the Arf activation by integrating upstream, intracellular signals [7, 8] .
In mammals, there are least 15 Arf-GEFs, of which the type with the lowest molecular weight belongs to the cytohesin/Arf nucleotide binding site opener (ARNO) subfamily and is composed of four homologous molecules [7, 8] . Cytohesin-2 (CYTH2, also called ARNO or pleck-strin homology [PH] , Sec7, and coiled-coil [CC] domains 2 [PSCD2]) and CYTH3 (also called general receptor for phosphoinositides 1 (GRP1)/ARNO3/PSCD3) are widely expressed in tissues, whereas CYTH1 (also called B2-1 or PSCD1) and CYTH4 (also called PSCD4) display a specific expression in lymphocytes and related tissues [7, 8] . CYTH family GEFs are primarily the GEFs for Arf1 and Arf6 [7] [8] [9] .
We previously reported that CYTH2 regulates the migration of mouse 3T3-L1 fibroblasts through the direct interaction with paxillin, which is a cytoskeletal scaffold protein [10, 11] . All CYTH family GEFs have the same domain structure, which contains the N-terminal CC domain, the catalytic Sec7 domain, and the PH domain plus the C-terminal basic amino acid extension [9] . The binding between CYTH2 and paxillin was through the region containing the PH domain in tandem with the C-terminal polybasic region of CYTH2 and the Leu-rich LIM2 domain of paxillin [11] . Here, we describe the small CYTH2's region, which determines the specificity of binding to paxillin to mediate cell migration. The C-terminal polybasic region (14 amino acids) of CYTH2 is necessary and sufficient for binding to paxillin to regulate cell migration. This finding is unusual, as the polybasic amino acid sequence at the C-terminus participates in a well-known protein-phospholipid interaction [12] rather than in a protein-protein interaction. These findings not only add new information to the list of amino acid sequences linking signal transduction molecules to cytoskeletal proteins but also provide insight into whether and how each CYTH family protein plays a specific role in cells.
MATERIALS AND METHODS

Antibodies
The antibodies used were as follows: mouse monoclonal anti-CYTH2 (1:100, Sigma-Aldrich, St. Louis, MO, USA; 1:50, Santa Cruz, CA, USA), mouse monoclonal anti-CYTH3 (1:50, Santa Cruz), mouse monoclonal anti-actin (1:1000, BD Biosciences Pharmingen, Franklin Lake, NJ, USA; 1:1000, Invitrogen, Carlsbad, CA, USA), mouse monoclonal anti-GFP (1:1000, MBL, Nagoya, Japan), rabbit polyclonal anti-RFP (1:1000, Evrogen, Moscow, Russia), mouse monoclonal anti-FLAG (1:1000, SigmaAldrich), and horseradish peroxidase or fluorescenceconjugated secondary antibody (1:10,000, GE Healthcare, Fairfield, CT, USA; 1:10,000, Nakalai, Kyoto, Japan).
Plasmids
The p3×FLAG (obtained from Sigma-Aldrich)-mouse CYTH1, p3×FLAG-mouse CYTH3, pEGFP (obtained from Takara, Shiga, Japan)-mouse paxillin, and pRFP (pTurboRFP, obtained from Evrogen, Moscow, Russia)-mouse paxillin plasmids were constructed as previously described [13, 14] . The human CYTH2, mouse CYTH2, and mouse CYTH4 cDNAs were purchased from NBRC (Chiba, Japan). The human or mouse CYTH2 cDNA was ligated into p3×FLAG or pMEI5-EGFP (Refs. 13, 14; obtained from Takara). The isolated C-terminal polybasic regions of human CYTH2 (C2, amino acids 386 -400) and mouse CYTH3 (C3, amino acids 391 -399) were inserted into the pEGFP vector. The CYTH2-C3 construct replacing the C-terminal region of human CYTH2 (amino acids 386 -400) with that of mouse CYTH3 (amino acids 391 -399) and the CYTH3-C2 construct replacing the C-terminal region of mouse CYTH3 with that of human CYTH2 were produced by the overlapping PCR method and ligated into the pMEI5-EGFP vector. These plasmid constructs used in this study are schematically shown in Figure S1 . All nucleotide sequences were confirmed by Fasmac sequencing service (Kanagawa, Japan).
RT-PCR
Total RNA was extracted from 3T3-L1 cells using a Trizol (Invitrogen) reagent. The cDNAs were prepared from 1 g of total RNA with Superscript III (Invitrogen) according to the manufacturer's instructions. PCR amplification was performed with ExTaq polymerase (Takara) in 30 cycles, each cycle consisting of denaturation at 94˚C for 1 min, annealing at 58.5˚C to 61.5˚C (depending on the primer pair's Tm value) for 1 min, and extension at 72˚C for 1 min. The primers used were as follows: 5'-ATGGA GGACGATGACAGCTATGTC-3' (sense) and 5'-TCAG TGTCTCTTTGTGGAGGAGAC-3' (antisense) for mouse cytohesin-1; 5'-ATGGAGGACGGTGTCTACGAG-3' (sense) and 5'-TCAGGGTTGTTCTTGCTTCTTCTTCAC-3' (antisense) for mouse cytohesin-2; 5'-ATGGACGAA GGCGGTGGCGGTG-3' (sense) and 5'-CTATTTATTG GCAATCCTCCTTTTCCTCGTGGCCAAC-3' (antisense) for mouse cytohesin-3; and 5'-ATGGATGTGTGTCAC ACAGATCCAG-3' (sense) and 5'-CTACTTGCCGAC AATCTTCTTTTTCCGA-3' (antisense) for mouse cytohesin-4. The control primers for mouse -actin were 5'-ATGGATGACGATATCGCTGCGCTC-3' (sense) and 5'-CTAGAAGCATTTGCGGTGCACGATG-3' (antisense).
siRNA Oligonucleotides
The 21-nucleotide siRNA duplexes were synthesized by EGT (Toyama, Japan). The target sequences were as follows: 5'-AAGAGCTAAGTGAAGTATGA-3' specific for mouse CYTH2 and 5'-AAGAAAAAAGGAACTTATT GA-3' specific for mouse CYTH3. The target sequence of the control P. pyralis luciferase siRNA was 5'-AAGC CATTCTATCCTCTAGAG-3', which does not have significant homology to any mammalian gene sequences. 
Cell Cultures
Mouse 3T3-L1 fibroblasts were kindly provided by Drs. M. Imagawa and M. Nishizuka (Nagoya City University). 3T3-L1 fibroblasts and human embryonic kidney 293T cells were routinely cultured at 37˚C in Dulbecco's modified Eagle's medium (DMEM) containing 10% heat-inactivated FBS, 50 U/ml penicillin, and 50 mg/ml streptomycin.
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Plasmid and siRNA Transfection
For 3T3-L1 cells, the plasmid DNAs and/or siRNAs were transfected using the Lipofectamine 2000 reagent (Invitrogen) or the Nucleofector system (Lonza, Basel, Switzerland) with the Nucleofector reagent kit, according to each manufacturer's protocol. The medium was replaced 4 and 24 hours after lipofection and electroporation, respectively. Cells were cultured for an additional 44 or 24 hours [11] . For 293T cells, DNAs were transfected using the CalPhos reagent (Takara), according to a manufacturer's protocol.
Fluorescence Images
The fluorescent images were captured using an Eclipse TE-300 microscope system (Nikon, Kawasaki, Japan) and analyzed with AxioVision software (Carl Zeiss, Oberkochen, Germany) or captured using a DMI4000B microscope system (Leica, Heerbrugg, Switzerland) and analyzed with AF6000 software (Leica).
Confocal Images
Cells were fixed in 4% paraformaldehyde in PBS, blocked with 20% heat-inactivated FBS in PBS and 0.05% Tween-20, incubated with a primary antibody in PBS and 0.05% Tween-20, and then treated with a fluorescence-labeled secondary antibody in PBS and 0.1% Tween-20. The coverslips were mounted with the Vectashield reagent (Vector Laboratories, Burlingame, CA, USA) onto slides for observation by confocal microscopy. The confocal images were collected with an IX81 confocal microscope system (Olympus, Tokyo, Japan) and analyzed with FluoView software (Olympus).
Immunoblotting and Immunoprecipitation
Cells were lysed in lysis buffer (50 mM HEPES-NaOH, pH 7.5, 20 mM MgCl 2 , 150 mM NaCl, 1 mM dithiothreitol, 1 mM phenylmethane sulfonylfluoride, 1 mg/ml leupeptin, 1 mM EDTA, 1 mM Na 3 VO 4 , 10 mM NaF, and 0.5% NP-40) [11] . After centrifugation, cell extracts were mixed with an antibody-absorbed protein G resin for immunoprecipitation. The immune-complexes or proteins in cell extracts were denatured and then subjected to SDS-PAGE. The electrophoretically separated proteins were transferred to PVDF membranes, blocked with the blocking reagent (Nakalai), and immunoblotted with a primary antibody and then with a peroxidase-conjugated secondary antibody. The bound antibodies were detected using the chemiluminescence reagent (Nakalai).
Wound Closure (Scratch-Induced) Migration Assay
3T3-L1 cells were incubated at 37˚C for 0 or 6 hours in the presence of 10 mM AraC [11] . The monolayers of confluent cells were scraped with the narrow end of a micropipette tip to generate a wound approximately 50 μm wound in width. Repair of the wound healing was quantified as the following: ratio of healing (%) = (width of wound at 0 hour minus width of wound at 0 or 6 hours/ width of wound at 0 hour) × 100.
Statistical Analysis
Values shown represent the mean ± SD from separate experiments. A one-way analysis of variance (ANOVA) was followed by a Fisher's protected least significant difference (PLSD) test as a post hoc comparison ( * , p < 0.01).
RESULTS
CYTH2 but Not CYTH3 Binds to Paxillin
We previously reported that CYTH2, through its C-terminal region containing the PH domain and the C-terminal polybasic region, binds to the cytoskeletal scaffold protein paxillin and mediates the migration of mouse 3T3-L1 fibroblasts [11] . RT-PCR analysis primarily detected CYTH2 and CYTH3 in 3T3-L1 cells, as seen in immunoblotting with the respective specific antibodies (Figure  1(a) ). Thus, the 3T3-L1 cell line was a good model to study whether CYTH2 and CYTH3 have similar and/or totally different role in cells. Expression of CYTH1 was detected only in the RT-PCR analysis.
First, we asked if CYTH3 has the ability to bind to paxillin. We cotransfected the plasmids encoding paxillin with CYTH1, CYTH2, or CYTH3 in 293T cells and performed the coimmunoprecipitation from the cell lysate. Paxillin was coimmunoprecipitated with CYTH2 and weakly with CYTH1. In contrast, CYTH3 did not coimmunoprecipitate with paxillin (Figure 1(b) ), presenting more specific involvement of CYTH2 in 3T3-L1 cell migration. The expression levels of transfected CYTH1, CYTH2, and CYTH3, as well as paxillin, were comparable.
To confirm that under these experimental conditions CYTH2 is required for migration, we transfected siRNA specific for mouse CYTH2 into 3T3-L1 cells and assessed the effect of knockdown of endogenous CYTH2 on scratch-induced migration. CYTH2 knockdown resulted in inhibition of migration. In contrast, transfection with siRNA for mouse CYTH3 did not have a significant inhibitory effect on migration (Figures 1(c) and (d) ). Immunoblotting analysis with an antibody for CYTH2 or CYTH3 showed the specific knockdown for each siRNA (Figure 1(e) ), as seen in the case of cell staining with the immunofluorescence method (Figures 2(A) and (B) ). Knockdown of either CYTH2 or CYTH3 specifically reduced each expression at the cell periphery but not in the cytoplasm, including the perinuclear region. Thus, while CYTH2 and CYTH3 show a similar localization primarily at the cell periphery, CYTH2 specifically binds to paxillin and mediates cell migration.
The C-Terminal Polybasic Region of CYTH2 Is Important for Binding to Paxillin and Scratch-Induced Migration
Although paxillin binds to CYTH2's C-terminus containing the PH domain and the polybasic region, the PH domain usually contributes to phospholipid-binding and determines their binding specificity [9] . Therefore, we focused on the study of whether the C-terminal polybasic region positioned in the outside of the PH domain determines paxillin-binding and the specificity. We made the CYTH2 mutant (CYTH2-C3) by replacing its C-terminal 14 amino acid sequence with CYTH3's C-terminal 9 amino acid sequence. Conversely, the CYTH3 mutant (CYTH3-C2) replacing the C-terminal sequence of CYTH3 with C-terminal sequence of CYTH2 was constructed (Figure 3(A) ). We cotransfected the plasmid encoding each of these constructs with paxillin into 293T cells and performed coimmunoprecipita tion. As shown in Figure 3(B) , CYTH3-C2, but not CYTH2-C3, was specifically coimmunoprecipitated with paxillin, indicating that C-terminal 14 amino acids of CYTH2 add the paxillin-binding ability to CYTH3. Under these experimental conditions, the expression levels of these two mutants were comparable. We further tested the effects of CYTH2-C3 and CYTH3-C2 on the migration of mouse 3T3-L1 cells. The CYTH2 or control luciferase siRNA was cotransfected with the plasmid encoding CYTH2, CYTH2-C3, or CYTH3-C2 into cells. Since the CYTH2 constructs that we used in these experiments were derived from human species, they were resistant to siRNA specific for mouse CYTH2 (Figure 4(c) ). Expression of human CYTH2 in cells rescued CYTH2 siRNA inhibition of scratch-induced migration by 50% -60% (Figures 4(a) and (b) ; in statistical data, lane 4 compared with lane 6 of Figure 4(b) ). The similar result was observed in expression of CYTH3-C2, which recovered migration by 40% -50% (lane 4 compared with lane 10 of Figure 4(b) ). However, expression of CYTH2-C3 was not able to rescue CYTH2 siRNA inhibition of migration (lane 4 compared with lane 8 of Figure 4(b) ). Taken together with the results from Figure 3 , the C-terminal polybasic region of CYTH2 plays a key role in paxillin-binding and migration. These findings are very unique, as the polybasic amino acid sequence at the C-terminal position has well-known involvement in the protein-phospholipid interaction rather than the protein-protein interaction [12] . 
The C-Terminal Region of CYTH2 Is Sufficient for Binding to Paxillin to Regulate Migration
Thus, we asked if the C-terminal polybasic region of CYTH2 is sufficient for binding to paxillin. We cotransfected the plasmid encoding the isolated C-terminal region of CYTH2 or CYTH3 with paxillin into 293T cells. A coimmunoprecipitation shows that the isolated C-terminus of CYTH2, but not that of CYTH3, has the ability to form a complex with paxillin (Figures 5(A) and (B) ). In addition, scratch-induced 3T3-L1 cell migration was inhibited by expression of the isolated C-terminus of CYTH2, but not that of CYTH3 (Figures 6(a) and (b) ), indicating that the C-terminal region of CYTH2 unique-ly provides a platform to bind to paxillin to mediate migration. Although it is well known that the C-terminal polybasic region is involved in binding to phospholipids, the C-terminal region of CYTH2 did not bind to a phospholipid (Ref. 15 ; data not shown).
DISCUSSION
Of four CYTH family GEFs, CYTH2 and CYTH3 display wide expression in tissues and more than 90% of homology at the amino acid level [7] [8] [9] . Thus, it is important to determine whether CYTH2 and CYTH3 interact with a specific binding partner to play a specific role or they are redundant in cells. Herein, we demonstrate that CYTH2 specifically binds to the cytoskeletal scaffold protein paxillin to mediate the migration of 3T3-L1 fibroblasts. The specificity is added by the C-terminal short polybasic region of CYTH2. This conclusion is supported by the result that replacing the C-terminal region of CYTH3 with that of CYTH2 adds the ability to bind to paxillin to mediate the migration to CYTH3 though it does not work the other way around. In addition, the C-terminal region of CYTH2 is necessary and sufficient for binding to paxillin to mediate the migration. These findings suggest that CYTH2 and CYTH3 play a role in cells and are not redundant, although they are similarly localized at the cell periphery of 3T3-L1 cells and do not exhibit an observable difference in cellular distribution. It is possible that CYTH2 and CYTH3 may be present in a similar but different signaling complex that is bridged by a scaffold protein including paxillin, at least in 3T3-L1 cells. To the best of our knowledge, paxillin is the first example of a protein that selectively binds to CYTH family GEFs. Many CYTH family GEF-binding proteins are known, such as Grp1 signaling partner (GRSP) 1/mKIAA1013 [16] , Grp1-associated scaffold protein (GRASP)/tamalin [17, 18] , cytohesin-associated scaffold protein (CASP)/Cybr/cytohesin-interacting protein (CYTIP) [19] [20] [21] , interacting protein for cytohesin exchange factor (IPCEF) [22] , and FERM domain-containing 4A (FRMD4A)/KIAA1294 [23] . The interaction with these proteins occurs through the CC domain and seems likely to bind to all CYTH family GEFs. Their interaction occurs through the CC domain. It has recently been identified that the connector enhancer of KSR1 (CNK1) [24] and the epidermal growth factor receptor (EGFR) [25] are binding partners with CYTH2. CNK1 links the insulin receptor to CYTH2/Arf6 to the effector PIP5Ks, resulting in recruiting the insulin receptor substrate 1 (IRS1) to the plasma membrane [24] . Thus, CNK1, acting through the CYTH2/Arf6/PIP5K unit, functions as a positive regulator of insulin receptor signaling. In some pathological states, CYTH2 also functions as an accessory protein of EGFR and helps to elevate EGFR transphosphorylation [25] . In this case, it is likely that the GEF activity of CYTH2 is not directly related to the transphosphorylation. Although it remains unknown which region of CYTH2 is involved in binding to CNK1 and EGFR, it would be interesting to determine whether CNK1 and EGFR are specific to CYTH2 or not and whether their signalings are involved in cell migration.
In addition to these binding partners with CYTH family GEFs, recent reports have added Arf-like protein, Arl4D, to the list [26, 27] . Arl4D binds to the entire region containing the PH domain and the C-terminal region of CYTH family GEFs to regulate further downstream Arf6. Although CYTH2's region to bind to Arl4D is overlapped with the paxillin-binding region, Arl4D binds equally to CYTH2 and CYTH3. Both the PH domain and the C-terminal region are required for the interaction The Arl4D/CYTH2/Arf6 signaling unit regulates the migration of epithelial cells. Thus, it is conceivable that Arl4D acts together with paxillin through CYTH2 and Arf6 to regulate the migration.
When beginning to study the role of the C-terminal polybasic region of CYTH2, we inferred that it could possess phospholipid-binding activity. The polybasic sequence at the C-terminal position provides lipid-binding activity with the signaling proteins [12] . The small GTPase member that contains a polybasic sequence at the C-terminal position binds to phosphoinositides such as phosphatidylinositol-3-phosphate (PIP3), which help to translocate small GTPases to the plasma membrane [12] . This is more important in some of the small GTPases that do not contain an amino acid sequence involved in the posttranslational modification such as farnesylation and geranylgeranylation. We previously reported that the C-terminal polybasic regions of sorting nexins (SNXs), belonging to the SNX PX group with one Phox (PX) domain flanked with very short N-and C-terminal regions, bind to phosphatidylinositol monophosphates including PIP3 and that they contribute to translocation to endosomes [15] . However, this rule did not apply to the case of CYTH2. Further studies on the comparison of polybasic amino acid sequences at the C-terminus in signaling proteins may clarify a common feature to determine whether one has the specificity for lipid-binding or the other does for paxillin-binding.
The only known difference between CYTH2 and CYTH3 in cells is that relating to their function of recycling endosomes with specific cargo [28] . CYTH2 is required for beta1 integrin recycling, whereas CYTH3 is not essential for it. In spreading human breast cancer MCF-7 cells, CYTH2 is localized on the edge and the interior of cells, but CYTH3 is specifically localized on the very peripheral edge. It is clear that CYTH2 differs from CYTH3 in paxillin-binding ability, but the difference in cellular functions of CYTH2 and CYTH3 may also depend on the differing on cell types and the contexts of signaling proteins.
In this study, we identify CYTH2's amino acid sequence, which adds specificity for paxillin-binding. The specificity determines the involvement of CYTH2 in fibroblast migration. Further studies on the cellular role of the polybasic region in paxillin-binding and the identifycation of a possible additional protein binding to the polybasic region will enable us to understand whether and how each CYTH family GEF independently and/or cooperatively functions in various types of cells, as well as in vivo. Such studies may aid in the development of suitable drug-target-specific medicines for a disease such as type 2 diabetes, as SecinH3 of the first-phase CYTH inhibitor is known to cause insulin resistance [29, 30] .
